A b s t r a c t. For the purpose of this paper, sugar beet roots were loaded by creating the impact of aluminium bars falling from different heights. The time history of the force at the contact between the sugar beet root and the bar was measured. The response of the sugar beet root to the impact was evaluated in terms of surface displacement. This displacement was measured using a laser vibrometer. The displacement was studied in the time and frequency domain during the postharvest period, up to 71 days after crop collection. The measured parameters describing the sugar beet response were significantly sensitive to the storage duration, namely in the frequency domain. Correlations between the storage duration and the main parameters of both the force and surface displacement were identified (p < 0.05).
INTRODUCTION
The quality parameters of sugar beets mainly include sugar content, soluble solids, moisture content and mechanical properties (Trzebinski, 1984; Vukov, 1977) . In terms of the storability of sugar beet roots, storage temperature appears extremely important (Huijbregts, 2008; Kenter and Hoffmann, 2006; Olsson (2011) , along with humidity (Andales et al., 1980; van Swaaij and Huijbregts, 2010) , frost damage (Kenter and Hoffmann, 2006) and treatment (Campbell and Klotz, 2006; Olsson, 2012) .
Mechanical properties are mostly measured using the Magness Taylor penetration test (Shmulevich et al., 2003) . However, this simple and rapid method is destructive and characterised with small accuracy, low measuring repeatability and dependence on the person carrying out the test; thus, it is not suitable for rapid and automated evaluation of sugar beets. Hence, rapid and non-destructive measurement methods can be valuable for assessing the quality and condition of sugar beets, both before and after the harvest. One of these methods, which uses hyperspectral scattering, was described by Pan et al. (2016) . In this paper a brief review on non-destructive methods is also presented. Such methods have been developed for the evaluation of mechanical properties of fruit (Taniwaki et al., 2009) , eggs (Trnka et al., 2016; Wang et al., 2004) and some other raw agricultural (Kertész et al., 2015; Kubík et al., 2016) and food materials (Benedito et al., 2004; Božiková and Hlaváč, 2016) .
The present paper deals with a method based on the use of the mechanical impact. This procedure was developed by Delwiche et al. (1987) . Some impact response parameters, such as maximum force, maximum deformation and impact duration, were shown to be closely related to firmness and, therefore, to ripeness during the postharvest period (Garcia et al., 1988) . Additional information on the product quality flows from the response function of the impacted product. This response can be released from the tested specimen during its impact loading or surface displacement, recorded using different methods.
In this paper a method of non-contact surface displacement measurement was used. A sugar beet root specimen was loaded by creating the impact of an aluminium bar during storage. The changes of both the impact force and surface displacement during sugar beet storage were evaluated. Correlations between the storage duration and the main parameters of force and surface displacements were identified.
MATERIAL AND METHODS
Sugar beets were collected from a field near Jiříkovice (the South Moravia region, Czech Republic) during the 2015 harvest season. The sugar beet roots samples were stored in a refrigerator at 4°C and 85% relative humidity. All beet samples were washed to remove adhered soil immediately prior to the experiment.
The response of sugar beet specimens to nondestructive impact was measured using an experimental setup, which was developed and built to evaluate the resonance signal, and to analyse the frequency domain for eggs (Kumbár et al., 2015a; Trnka et al., 2016) . The experimental setup consisted of a bed made of polyurethane foam, a mechanical impulse excitation device (a bar falling on the beet root specimen from a definite height) and signal amplifiers. The personal computer and software were used to controll the experimental setup and analyse its results. The foam both simulates the soil in which the beet grows and protects the beet under investigation from damage during the impact experiments. More specificaly, the foam layer, which was only 5 mm thick, was glued on the inside of the cylindrical steel holder. Beet response measurements were carried out in such a short time that they did not show any supporting of the beet. The cylindrical striker sized 6 x 200 mm was guided by two thin strings. The friction of the striker was negligible during the drop. The experimental arrangement scheme is shown in Fig. 1 .
The instrumentation of the bar by the strain gauges made it possible to record the (time) history of the force at the bar-beet specimen contact area. The beet specimen response was measured in terms of surface displacement.
The measurement range of the semiconductor strain gauges, as well as the strain gauge control unit, had an upper bandwidth of 150 kHz. The cable was independently fixed to the upper part of the strings holder. The laser interferometer CLV 2000 (Polytec; Michigan, USA) was used. The signals were sampled at a rate of 200 000 samples per second for a period of 50 ms.
Descriptive parameters (radius r, height h and top v) shown in Fig. 2 are given in Table 1 .
The drop heights of the bar were set as follows: 200, 400, 600 and 800 mm. No damage to the beet sample was observed after the impact of the bar falling from these heights.
All experiments were performed at room temperature (22°C).
All of the experimental data were analysed by means of variance analysis (ANOVA) and Duncan's test with p<0.05 using the MATLAB® statistics toolbox (MathWorks 274 Inc.; Massachusetts, USA). 
RESULTS AND DISCUSSION
Sugar beet root descriptive parameters were decreasing during storage. These decreases are shown in Table 1 , with differences between the initial values and the values on the day of measurement. The most significant decrease is shown in sugar beet mass. After 9 days the average mass loss reached 19.63%, after 43 days 34.21%, and after 71 days 53.64% compared to the initial mass. Conversely, beet height did not vary so much. Similar results were presented by Kumbár et al. (2015b) .
Other parameters such as solid content and sugar content in sugar beet roots are shown in Table 2 . It is evident that the solid content and sugar content increased with storage time. A correlation between the solid and sugar content in the sugar beet root was also revealed (p < 0.05).
In Fig. 3 an example of the experimental records of both force and displacement is displayed. The maximum impact force increases with height h, i.e. with impact velocity. The rebound of the striker for 200 and 400 mm could be expected at longer times but it was not recorded in our experiment. The same phenomena were observed also on all storage days. A delay in the force is a consequence of some error in the time base which can sometimes be observed. The existence of two maximum values of the force is evidenced by the stress wave dispersion in the striker. This phenomenon is well known from the elastic wave propagation at the rod impact against another rod. This phenomenon is observed mainly at higher impact velocities. This effect also depends on material rigidity which decreases with storage duration. This decrease leads to some changes in the force -time shape (Fig. 4) . The course of the force F -time t curves can be generally represented by maximum force F m and by impulse I where:
Changes to these parameters during beet storage are displayed in Fig. 5 . Changes to the impulse, depending on the storage duration time, were analysed. It is evident that the maximum force increases with impact velocity and decreases with storage duration. The detailed explanation of the observed phenomena requires longer signal recording times. More experiments are also needed in order to identify the appropriate statistical method. The solution to these problems constitutes the subject-matter of our on-going research. The same is valid for force impulse (Nedomová, 2009) .
The development of surface displacement during beet storage is shown in Fig. 6 . The impact velocities correspond to the height of the striker h = 200 and 400 mm, and displacement p exhibits an oscillating character. The maximum values of displacement are shown in Fig. 7 . It is evident that for the all values of h the maximum displacement decreases with the duration of beet storage. The results suggest that the maximum values of both the impact force and displacement can be used for the estimation of storage duration and, thus, for the evaluation of the internal beet quality.
Beet response can also be described in the frequency domain. This procedure is based on the Fourier transform technique (Stein, 2003) for a review.
For a continuous function of one variable f(t), the Fourier transform F(ω) can be defined as (Nedomová, 2009): (2) and the inverse transform as: (3) where: F is the spectral function and ω is the angular frequency.
The same procedure can be used for the Fourier transform of an x(k) series with N samples. This procedure is referred to as the discrete Fourier transform (DFT). A special kind of this transform is the fast Fourier transform (FFT). This procedure forms part of most software packages dealing with signal processing. The transform into the frequency domain will correspond to a complex valued function, i.e. exhibiting both magnitude and phase (Kumbár et al., 2015a) :
In Fig. 8 an example of the frequency dependence of the amplitude and the phase of the spectral function (force) is shown. One can see that the amplitudes of the spectral function bellow ca. 2000 Hz are very small.
An example of the spectral function of the displacement is shown in Fig. 9 . The amplitude of the spectral function exhibits a maximum value. This phenomenon was observed also for many other types of fruit (Delwiche et al., 1987; Sarig et al., 1985; Severa et al., 2012; Xu et al., 2015) .
The corresponding frequency was denoted as the dominant frequency f c . Abbott (1999) and Peleg (1999) showed that fruit firmness is highly correlated with stiffness coefficient IF:
where m is the fruit mass.
The average stiffness values are displayed in Fig. 10 . The values of stiffness significantly decreased with storage duration. The stiffness than appears independent of height h, i.e. of impact intensity. It seems that this quantity is very convenient for the evaluation of beet properties during storage. The proposed method seems to provide a promising tool to identify beet properties during storage. CONCLUSIONS 1. The presented method is based on the analysis of changes in the history of the loading force and displacement during beet storage. The maximum value of this force was shown to decrease with the storage duration. Beet response to this impact was analysed both in the time and frequency domain.
2. The spectral function of the displacement exhibits a dominant frequency as in the case of many other types of fruit. This frequency was used for the evaluation of beet stiffness. 
